Purpose To evaluate the role of Anti-mullerian hormone (AMH) in predicting cumulative pregnancy outcome during in-vitro fertilization (IVF) treatment. Methods Serum AMH levels on day 6 of ovarian stimulation were taken from 180 women undergoing IVF with or without intracytoplasmic sperm injection (ICSI). The main outcome measures were ongoing pregnancy in the fresh cycle, cumulative ongoing pregnancy and ovarian response.
Introduction
A number of parameters known as ovarian reserve markers have been proposed to predict ovarian response to gonadotropin, as well as pregnancy outcome during assisted reproduction treatment (ART) [1] . Early follicular phase serum FSH has been widely used and is a better predictor of ovarian response than the women's age alone [2, 3] . Subsequently, ultrasound assessment of the antral follicle count (AFC) has been found to be a better clinical predictor of ovarian response than FSH level [4, 5] . Despite a correlation between these markers and ovarian response to stimulation, studies have consistently revealed very limited accuracy of these tests in predicting pregnancy outcome in IVF-Embryo transfer (ET) cycles [1] .
More recently serum AMH has been found to be significantly correlated with AFC and the number of oocytes Capsule Serum Anti-mullerian hormone concentration was significantly higher in subjects with successful cumulative ongoing pregnancy in assisted conception treatment compared to those who were not pregnant.
retrieved, and associated with higher fertilization rate and lower incidence of miscarriage after IVF cycles [6] [7] [8] . A recent meta-analysis [9] revealed that both AMH and AFC were comparable, they were reasonably good in predicting poor ovarian response but similarly poor in prediction of non-pregnancy. All these studies, however, were reporting on the pregnancy outcome in fresh stimulation cycles.
With the advent of embryo cryopreservation technology and the fact that a considerable proportion of IVF cycles result in surplus good quality embryos, frozen embryo transfer (FET) has become an integral part of assisted reproduction programmes. Indeed, the cumulative pregnancy rate per stimulated cycle, i.e. the combined pregnancy rate after transfer of fresh and frozen-thawed embryos, has been increasingly recognized as the most relevant standard of success in assessing an assisted reproduction programme [10] [11] [12] . Therefore, we carried out this retrospective analysis to evaluate the role of serum AMH concentration in predicting cumulative pregnancy outcome in IVF-ET treatment.
Materials and methods

Subject recruitment
This was a retrospective cohort analysis of 180 women undergoing IVF-ET treatment with or without ICSI in Edinburgh Fertility and Reproductive Endocrine Centre, Royal Infirmary of Edinburgh, during the period from October 2007 to March 2008 and who had serum AMH taken on day 6 of ovarian stimulation along with serum estradiol. These were patients undergoing long GnRH agonist protocol for ovarian stimulation after pituitary down-regulation. Patients using the GnRH antagonist protocol and those undergoing oocyte donation cycles were excluded from this retrospective analysis. The AMH assay was performed as part of our routine clinical ART programme when it was first introduced on a pilot basis, and this report was based on a retrospective analysis of data when we audited the performance of our assay.
Stimulated cycles
All women were pre-treated for pituitary down-regulation with buserelin (Suprecur®, Hoechst, Frankfurt, Germany) subcutaneous injection 0.5 ml daily. They were instructed to start using buserelin from the mid-luteal phase of the cycle proceeding the stimulation cycle if the menstrual cycles are regular. Patients with irregular cycles start downregulation on day one. Following at least 14 days of downregulation they received either recombinant FSH or human menopausal gonadotropin (HMG) for ovarian stimulation at a starting dose ranging from 100 to 300 IU per day according to clinical judgment. Recombinant human chorionic gonadotropin (hCG, Ovitrelle®,Merck Serono) 250 mcg was given subcutaneously when there were at least 3 follicles with mean diameter ≥18 mm seen on ultrasound scan.
Transvaginal ultrasound-guided oocyte retrieval under conscious sedation was carried out 36 h after the hCG trigger. Fertilization was carried out in-vitro either by conventional insemination or ICSI depending on semen parameters and previous fertilization history. Patients were allowed to have a maximum of two embryos replaced into the uterine cavity two to three days after oocyte retrieval. ET was performed under transabdominal ultrasound guidance. Prior to ET, embryos were graded for quality according to the criteria described by Zeibe et al. [13] and Van Royen et al. [14] . This included an assessment of the speed of cell division (number of blastomeres at any given stage of development), regularity of cell division and degree of fragmentation. On the basis of this assessment, the best quality embryo(s) were selected for transfer and any further good quality embryos remaining in the cohort were selected for cryopreservation. Luteal phase support was given in all cycles with progesterone suppository 200 mg twice daily from the day of embryo transfer and continued for 12 days. Serum beta hCG was measured 2 weeks following oocyte recovery and a concentration of ≥50 mIU/ml was considered positive indicator of pregnancy. Three weeks later the appearance of gestational sac with or without heart pulsations was considered as clinical pregnancy. All fresh embryos with good quality were cryopreserved if patients had developed symptoms suggestive of ovarian hyperstimulation.
Cryopreservation and frozen-thawed embryo transfer cycles Excess good quality embryos were frozen on the day of ET. A slow freezing protocol using a programmable freezer was adopted.
Frozen-thawed embryo transfers were carried out in natural cycles or artificial hormone replacement cycles. For those FETs carried out in natural cycles, the patient was monitored for serum E2 and luteinizing hormone (LH) concentrations in the pre-ovulatory period, and FET was performed 2 days from the peak of LH surge. For patients undergoing artificial hormonal replacement cycles for FET, they received pituitary downregulation by Buserelin subcutaneous injection (0.5 ml once a day) for 2 weeks. The downregulation is confirmed by the scan, i.e. endometrium <4 mm or E2<150 pmol/L. Then the patient will continue on downregulation and estradiol valerate 6 mg daily and attend a scan after 2 weeks. If the endometrial thickness measures >8 mm, progesterone pessary was commenced 3 days prior to FET. FET was carried out using a soft transcervical catheter under transabdominal ultrasound guidance and a maximum of 2 frozen embryos was transferred. A serum hCG test was done 2 weeks after FET. If it was positive, ultrasound examination was performed 3 weeks later to confirm intrauterine pregnancy and to determine the number of gestational sacs present.
Outcome analysis
Primary outcomes include: (1) on-going pregnancy rate (viable pregnancies beyond 8-10 weeks of gestation), and (2) cumulative ongoing pregnancy rate (combined ongoing pregnancies from the fresh and all frozen-thawed cycles derived therein). Secondary outcomes include the duration and dosage of gonadotropin used, as well as the number of oocytes collected and fertilized.
Hormone assays AMH concentration was determined with ELISA using a commercial kit (ACTIVE MIS/AMH ELISA, DSL-10-14400). The assay had a sensitivity of 0.04 pmol/l, and the intra-assay and inter-assay coefficients of variation were within 4.6% and 8.0% respectively.
Statistics
The predictive value of Day 6 serum AMH level on the primary and secondary outcomes was analyzed using receiver operator characteristic (ROC) curve. The correlation between Day 6 serum AMH level and the secondary outcomes were analyzed by Spearman's test. Multiple regression analysis was applied to evaluate the predictive value of serum AMH level and other clinical and demographic parameters on the primary outcomes. The statistical analyses were performed using the SPSS 13.0 software. Since the distribution of AMH concentration was skewed, non-parametric analysis was used throughout and the values are expressed as median (range) in the following discussions.
Assuming a cumulative pregnancy rate in patients with AMH level below and above a cut-off value to be 20% and 40% respectively, a sample size of at least 164 in total would be adequate to determine a statistical significance at power of 80% and type I error of 5%.
Results
A total of 180 cycles of IVF-ET during the assessment period which fulfilled the inclusion criteria were analyzed. Their demographic characteristics are shown in Table 1 . Regarding the cause of subfertility, 42.2% were due to male factor, 31.1% were unexplained, 11.7% and 6.1% were due to tubal factor and endometriosis respectively, 2.2% were due to anovulation who had failed ovulation induction treatment, and 6.7% due to mixed and other factors.
Among the 180 subjects, 10 of them had not conceived yet but still had frozen embryos in storage. The remaining 170 subjects were entered into cumulative pregnancy outcome analysis.
AMH and ongoing pregnancy in the fresh cycle There were 85 subjects (47.2%) with a positive pregnancy test in the fresh cycle, and 62 (34.4%) had ongoing pregnancy. The comparison of the clinical and demographic characteristics of subjects with and without attaining ongoing pregnancy in the fresh treatment cycle is shown in Table 2 . The two groups did not differ in age. Those subjects who achieved ongoing pregnancy in the first cycle showed a trend towards higher serum AMH level (median 11.92 pmol/ l, range 1.50-94.96 pmol/l) compared to those who did not (median 8.53 pmol/l, range 0.29-64.26 pmol/l), although statistical significance was not achieved (p=0.079).
AMH and cumulative ongoing pregnancy rate per stimulated cycle Of the 170 subjects included in the cumulative pregnancy analysis, 85 (50.0%) had positive pregnancy test, and 78 (45.9%) achieved ongoing pregnancy cumulatively after fresh plus frozen embryo replacements. Table 3 depicts the clinical and demographic characteristics of subjects who attained an ongoing pregnancy cumulatively versus those who did not. Subjects who had cumulative ongoing pregnancy were significantly younger in age (p=0.010), having significantly higher serum AMH concentration (p=0.017) and higher serum estradiol concentration (p=0.010) on day 6 of ovarian stimulation than those who did not. Figure 1 displayed ROC curve analysis of serum AMH level in predicting cumulative ongoing pregnancy. The area under the curve (AUC) for AMH was 0.606 (95% confidence interval (CI) 0.521-0.691), which was comparable to serum estradiol concentration on day 6 of ovarian stimulation (AUC=0.615; 95% CI 0.530-0.699) and better than baseline serum FSH concentration (AUC=0.537; 95% CI 0.450-0.624) before treatment. Considering a serum AMH concentration of 5 pmol/l as cut-off, the sensitivity and specificity of predicting cumulative ongoing pregnancy were 86% and 28% respectively. With this cut-off, the cumulative ongoing pregnancy rates in those subjects with serum AMH above and below 5.0 pmol/l were 50.4% and 29.7% respectively (p=0.026, χ 2 -test). When age of the women, early follicular serum FSH concentration, day 6 serum AMH concentration and day 6 serum estradiol concentration were entered in a forward stepwise fashion in the binary logistic regression analysis for cumulative ongoing pregnancy, age was the only factor which significantly predicted the likelihood of cumulative ongoing pregnancy (B=0.010, p=0.018).
Other clinical and demographic factors and pregnancy outcome As shown in Table 2 , subjects achieving ongoing pregnancy in the first treatment cycle had significantly higher number of oocytes retrieved and oocytes fertilized than those who did not, but the two did not differ in serum FSH, day 6 serum estradiol, total dose of gonadotropin administered and duration of stimulation. As shown in Table 3 , subjects who attained cumulative ongoing pregnancy had higher day 6 serum estradiol concentrations (p=0.010), lower total dose of gonadotropin administered (p=0.004), and more oocytes retrieved (p<0.001) and fertilized (p<0.001), compared to those who did not. There were no differences in serum FSH between these two groups (p=0.404).
Correlation of AMH concentration with clinical and demographic characteristics
By Spearman's test, day 6 serum AMH concentration was significantly correlated with age of the women, serum FSH level, day 6 serum estradiol level, total dose of gonadotropin, duration of stimulation, number of oocytes retrieved and number of oocytes fertilized (Table 4) .
AMH concentration and ovarian over-response
During the assessment period, in 8 of the fresh cycles, ET was withheld and all embryos were cryopreserved because of ovarian hyper-response as reflected by a high number of oocytes retrieved. These 8 cases with hyper-response had significantly higher serum AMH level (median 23.49 pmol/ l, range 11.28-52.84 pmol/l) compared with the 166 subjects who had fresh embryo transfer (median 9.53 pmol/l, range 0.29-94.96 pmol/l) (p=0.005). When plotted on a ROC curve for prediction of over-response, the AUC for AMH was 0.792 (95% CI 0.682-0.902) (Fig. 2) , which was higher than that of FSH (AUC=0.672; 95% CI 0.442-0.903) and day 6 serum estradiol (AUC=0.737; 95% CI 0.579-0.895). A cut-off value of AMH concentration at 11.2 pmol/l gave a sensitivity of 100% and specificity of 56% in predicting over-response. There was only one case of cycle cancellation due to no response which was therefore too small a number for analysis. Her AMH concentration was 0.14 pmol/l.
Discussions
AMH is gaining acceptance as a useful marker of female reproductive function, especially with ovulatory disorders and IVF outcomes [15] . AMH is a dimeric glycoprotein member of the transforming growth factor-beta superfamily that is structurally related to inhibin and activin. In females, AMH levels are almost undetectable at birth. After an initially slight increase in the weeks after birth, AMH levels increase, peaking during late puberty [16] and then show a progressive decline throughout reproductive life as the follicular reserve becomes depleted [16, 17] , and finally becoming undetectable after menopause [17] . In reproductive aged women, AMH is expressed by granulosa cells of early developing follicles and inhibits the transition from the primordial to the primary follicular stage. Serum levels of AMH correlate strongly with the number of antral follicles, suggesting that AMH levels reflect the size of primordial follicle pool. AMH inhibits excessive follicular recruitment by FSH and therefore has a critical role in folliculogenesis [17, 18] It was previously reported that AMH serum levels do not significantly change throughout the menstrual cycle [19] [20] [21] . However, recent reports revealed statistically significant cyclical fluctuations in AMH levels with a rapid decrease in AMH levels in the early luteal phase [22, 23] . Likewise, AMH level also declines gradually during controlled ovarian stimulation [24] . However, the clinical significance of such intra-cycle variation is uncertain. Assessment of the ovarian reserve is particularly important in the IVF clinic, where AMH may be useful as a predictor of poor response [25] . One of the main advantages of AMH measurement in assisted reproductive technology (ART) compared with the other markers of ovarian reserve may derive from its low inter-and intra-cycle variability. Although AMH is initially observed in granulosa cells of primary follicles, maximal expression occurs in pre-antral and small antral follicles. AMH expression declines as antral follicles increase in size, with nominal expression restricted to the granulosa cells of the cumulus [26] . This loss of AMH expression during the FSH-dependent final stages of follicular growth, and the lack of expression by atretic follicles suggests that basal levels of AMH may more accurately reflect the total developing follicular cohort and consequently potential ovarian response to FSH [27] . But other studies [6, 28] suggest that AMH concentrations obtained early in the follicular phase during ovarian stimulation under pituitary suppression for assisted reproduction are better predictors of ovarian under-response than basal AMH measurements, however it was not a good predictor of pregnancy outcome in ART.
To our knowledge, there has been no published report on the correlation between AMH and the cumulative pregnancy outcome. We analyzed the role of the serum AMH level during ovarian stimulation in predicting cumulative pregnancy outcome in IVF-ET treatment. It confirmed favorably a positive correlation between day 6 serum AMH level and the cumulative on-going pregnancy rate, although in the fresh cycle it did not differ between those who attained ongoing pregnancy and those who did not. We have considered cumulative success rate as a better outcome measure of our retrospective analysis. Indeed, with the availability of embryo cryopreservation as part of the routine IVF programme, the cumulative pregnancy outcome has greater clinical implication and meaning to the patient than the outcome of just the fresh cycle.
We compared the relative performance of AMH with pretreatment early follicular phase FSH, day 6 estradiol and maternal age as a predictor of cumulative ongoing pregnancy rate. The area under the ROC curve of 0.606 for serum AMH did not indicate that it is a very good predictor. However, it still exceeded that for FSH, which is the ovarian reserve marker commonly used in IVFprogrammes at the moment. Yet when the factors were entered into a logistic regression analysis, only age of the women at stimulation remained as a significant independent factor determining cumulative ongoing pregnancy.
Theoretically serum AMH concentration could reflect treatment outcome after assisted conception through two ways. Firstly, AMH is a well accepted marker of ovarian reserve [15, 29] , and hence it could well serve as a predictor of ovarian response, which in turn dictates the number of oocytes retrieved and the number of embryos available for transfer. The latter would determine the chance of cumulative pregnancy, which was also illustrated in our findings. Secondly, as a marker of ovarian reserve, a low serum AMH concentration could also reflect ovarian aging, which theoretically has a negative effect on the oocyte quality and hence treatment outcome. Several authors have found a significant positive correlation between AMH levels and oocyte quality [30] [31] [32] and embryo morphology [32] . However, this relationship has not been confirmed by others [33, 34] . Moreover, in a recent study, no consistent correlation between AMH and embryo morphology, and most importantly embryo aneuploidy rate, was demonstrable [34] . Hence the possible prediction of qualitative aspects of ART programs by AMH measurement remains largely controversial.
With regard to ovarian response, there have been a number of reports on the role of AMH in predicting ovarian response in the fresh cycle of IVF-ET treatment. It has been demonstrated that higher AMH concentrations were associated with a greater number of mature oocytes, higher fertilization rates, a greater number of embryos, lower incidence of miscarriage during fresh transfers and ultimately a higher clinical pregnancy rate [7, 30] . In line with this, our data did show a significant positive correlation between AMH concentration and day 6 serum estradiol, number of oocytes collected and number of fertilized oocytes, and a significant inverse correlation with serum FSH, total dose of gonadotropin used and total duration of stimulation. The currently available literature indicates that AMH may be a superior marker for predicting ovarian response over either age of the patient, day 3 FSH, estradiol or inhibin B, whereas the vast majority of studies have found AMH and AFC to have similar predictive value for poor response [9, 17] . In the absence of a perfect predictive marker at the moment, serum AMH concentration could well serve as a reference in conjunction with the other factors in pre-treatment counseling. In our cohort, there was only one non-responder and hence statistical analysis was not possible, though it was noteworthy that she had an AMH concentration approaching zero (0.14 pmol/l). On the other hand, there have also been reports on the role of serum AMH in prediction of excessive ovarian response in IVF treatment [15, 27, 35] . Our finding was in line with these. ROC curve analysis suggested that AMH is superior to FSH and day 6 estradiol in prediction of hyperresponse. There was no case of hyper-response where serum AMH concentration was less than 11.2 pmol/l. Whether or not this can be applied to triage the dose of gonadotropin stimulation to prevent hyper-response would require further evaluation. Currently, mild stimulation is generally advocated to reduce the risk of ovarian hyperstimulation syndrome. There is one recent report suggesting dose tailoring based on AMH as a useful approach [36] . It demonstrated that the live birth rate dramatically increases with increasing basal AMH value. They suggested that use of circulating AMH to individualize treatment strategies for controlled ovarian stimulation may result in reduced clinical risk, optimized treatment burden and maintained pregnancy rates Although there is a clear association between AMH and oocyte yield, however, they demonstrated that AMH performs relatively poorly as a screening test for either potential cycle cancellation or poor response to controlled ovarian stimulation according to their ROC analyses. Therefore it is not feasible to suggest that a woman should not undergo controlled ovarian stimulation based on a low plasma AMH value [27] . There has been a case report in a 34-year-old woman with isolated negligible (<0.5 ng/mL or <3.6 pmol/L) AMH level and poor response who had controlled ovarian hyperstimulation resulting in a live birth at term [37] .
In our data presented, we arbitrarily set a cut-off value of serum AMH concentration at 5.0 pmol/l which has been suggested as a cut-off for poor ovarian response [36] . From the ROC curve, this gave a sensitivity and specificity of 85.9% and 28.3% respectively. Women with AMH above 5.0 pmol/l had a significantly higher cumulative ongoing pregnancy rate than those below 5.0 pmol/l (50.4% vs. 29.7%). This indicated that AMH levels below this cut-off value of 5.0 pmol/l are reasonably associated with nonsuccessful pregnancy but this cut-off is not specific as a predictor of cumulative ongoing pregnancy.
In conclusion, we found that serum AMH concentration was significantly higher in subjects with successful cumulative ongoing pregnancy in assisted conception treatment compared with those failing treatment but this difference was insignificant after adjusting for age. Serum AMH level is a reasonably good predictor of ovarian hyper-response.
